The transcriptional activity of pBR322 form V DNA template, a topologically unlinked, highly supercoiled molecule having unusual structures around or within coding regions was studied. Significant transcription was observed in vitro from this template despite high levels of supercoiling. An attenuated transcript, initiated accurately from the P4 promoter of rep gene, was observed which indicated pausing of E.coli RNA polymerase within the gene. This pausing could be removed by relieving the torsional stress implying that a supercoil induced structural alteration within the gene was acting as a transcriptional block. A stabilized unusual structure, most likely a cruciform, was found to be responsible for the elongation block. Absence of initiation from the tetR gene was correlated with the unusual structure present within its promoter region in form V DNA. These in vitro studies show that structural alterations within natural DNA could act as transcriptional blocks both at the level of initiation and elongation.
INTRODUCTION
Expression of prokaryotic genes is known to be differentially regulated by the level of supercoiling (1, 2) . Although studies indicate that the supercoiled DNA in eukaryotic cells is more efficiently transcribed than linear DNA (3), the in vivo role of DNA topology and torsional stress on eukaryotic gene expression is much less understood (4) . In prokaryotes, supercoiling is thought to modulate the strength of promoters and thereby regulate the level of gene expression (5) (6) (7) . In circular plasmids, sequences having defined periodicity have been shown to undergo structural transitions under the influence of supercoiling (8, 9) . The supercoiling level at which different structural transitions occur is dependent on the nature of the sequence undergoing such transitions. In addition, structural transition in natural sequences may be achieved and stabilized by interaction with conformation specific proteins (10) (11) (12) and other trans-acting factors (13) . Could such structural alterations in DNA have any role in the regulation of gene expression? Cloned DNA sequences with the potential to adopt Z-conformation such as (TG)62 in the promoter region of tRNA gene (14) , and (CG)32 within the transcribed region of the lacZ gene (15) have been shown to decrease the extent of transcription. However the effect of structural alteration in natural sequences, around the promoters as well as within the gene, on transcriptional efficiency of genes is yet to be understood.
In vitro studies (16) with supercoiled DNA have shown that maximum transcription is observed at physiological superhelical density (-0.05). The fall in the level of transcription at lower superhelical density may be accounted for by the lack of unwound regions, occurrence of which has been shown to promote open complex formation (5) . However, the reason for the observed decrease in the extent of transcription at high superhelical density, is not clear. The present work was initiated to understand the role of supercoiling and unusual DNA structures in modulating the various steps of the transcriptional process. An ideal system for such a study would be a template having high negative supercoiling with segments of unusual structures distributed in and. around the genes. pBR322 form V DNA, the model system usei in this study, is obtained by reannealing complementary single stranded DNA circles (17) . Since in this molecule the lining number is zero, every right-handed helical turn has to be compensated by either a left-handed turn or a negative writhe. Thus, due to topological constraints, a large portion of the molecule (35-40%) is forced to adopt unusual DNA conformations such as Z-form, cruciform, single-stranded regions, etc. (17) (18) (19) . Regions of pBR322 form V DNA having such altered conformations have been extensively probed and mapped using restriction endonucleases and modification methylases as structure sensitive probes (19, 20, 21) .
The supercoil waves generated on a circular template during transcription (22, 23) Preparation of pBR322 form V DNA Monomer plasmid pBR322 DNA from recA-strains of E. coli was purified by the procedure of Maniatis et al (24) . Form V DNA was prepared following the procedure of Stettler et al (25) with certain modifications (17, 19, 20 (16) . Although contribution of form II DNA towards total transcription is negligible ( < 1% ), this correction was considered to be necessary to normalize the form I and form V template concentrations in the samples. To determine the length of various transcripts, transcription assay was performed in the presence of a-32P-UTP. The reaction was stopped by adding 15mM EDTA and 1 % SDS. After phenol/chloroform extraction, the transcripts were ethanol precipitated in the presence of (20 Mig) of tRNA and analysed on a 10% polyacrylamide gel containing 8.3M urea. To prevent reinitiation, rifampicin was added at a concentration of 40 ,ug/ml prior to the addition of the restriction enzyme. This concentration of rifampicin is sufficient to selectively inhibit the initiation of RNA synthesis and not the elongation of pre-initiated RNA by E.coli RNA polymerase (28, 29 Abortive initiation assay Abortive initiation assay for rep gene of pBR322 was carried out in the presence of 1.6mM ATP, the initiating nucleotide (16) , and a-32P-CTP (3000Ci/mMole). Other conditions for the assay were similar as described above except that twice the amount of RNA polymerase was used for each reaction. Reaction was carried out for 30 min. Length of the aborted product was determined by electrophoresis on a 25 % native polyacrylamide gel. To compare the extent of initiation the autoradiogram was scanned on a Joyce-Loebl microdensitometer.
Methylation sensitivity for mapping altered conformation Both pBR322 form I and form V molecules were methylated using MspI methylase and S-adenosyl-L-methionine (SAM). Assay conditions were same as described earlier (19) . Sau3AI digestion of the methylated DNA was carried out as specified by the vendor. Fragments were end labelled with a-32P-dATP by E. ccli DNA polymerase large fragment (Klenow) and separated on a 1.5 % agarose gel in 1 x TAE buffer at 2 V/cm. The gel was dried prior to autoradiography.
RESULTS
In vitro transcription assay of pBR322 form V DNA The ability of pBR322 form V DNA to act as a template for E. coli RNA polymerase was tested. Significant transcription was observed from the pBR322 form V template (Fig. IA) in spite of its very high negative superhelical density. However, the extent of transcription at longer time intervals for this template was lower than that of form I template. Form I and form V templates were found to be intact at the end of each transcription assay (Fig. IB) . Transcription assays were carried out in the presence of o1-32P-UTP and the transcripts were analyzed on a denaturing polyacrylamide gel. Four promoters control the expression of pBR322 gene (Fig. 2) wherein P4 promoter regulating the expression of rep gene is the strongest with weak P1,P2 and P3 promoters regulating the expression of tetR and ampR gene respectively (30) . From the pBR322 template, as reported earlier (16) , a rep gene product of 110 nucleotides (transcript A ) was found to be the major transcript (Fig. 3) . On the other hand, the only transcript obtained on using the pBR322 form V template was 69 residues long (transcript B) (Fig. 3) . In particular the higher transcripts corresponding to tetR and ampR genes obtained from form I DNA template were absent from the form V template. To ensure efficent precipitation of smaller transcripts, if any, high concentration of cold tRNA was added prior to ethanol precipitation. Analysis of the transcriptional products on a sequencing gel showed absence of any transcript smaller than 69 bases from form V template (data not shown). Characterization of transcript of form V template Since only one transcript was observed from the form V DNA template, we examined the nature of the transcripts that resulted after the removal of topological stress. Transcription was initiated and rifampicin (40 ,ug/ml) was added to prevent fresh initiation after 15 min. An aliquot was removed to which EcoRI was added to linearize the template and transcription was allowed to continue for 15 min. The resulting products were analyzed as before (Fig.  3) . When form I DNA was used as a template, the length of the resulting transcripts remained unchanged, whereas with form V DNA template a 110 nucleotide transcript A appeared with a concomitant disappearance of the 69 nucleotide transcript B. However, longer transcripts were still not observed even after the removal of torsional stress.
Since transcript A appeared with a corresponding disappearance of transcript B on the removal of topological constraints in form V DNA, hybridization studies were performed to determine whether transcript B was a sub-transcript of transcript A. A seventeen nucleotide long synthetic deoxyoligonucleotide, 5'd-TTT GCC GGA TCA AGA GC-3', extending from site 3036 to 3052 of the rep gene (Fig. 5) same nucleotide as transcript A, abortive initiation assay was perfomed in the presence of ATP and cv-32P-CTP. As expected, a major trinucleotide product (A*CA) was obtained from both form V and form I templates (Fig. 4A) , though the extent of initiation of rep gene from form V template was lower than that of form I template (Fig. 4B) . These results showed that following accurate initiation from the rep gene in form V DNA RNA polymerase paused to give 69 bases RNA transcript which could be elongated to give the full length transcript (110 bases) following the removal of torsional stress.
Probing the nature of pause site Since transcript B was initiating accurately at 2977, from its estimated length, it could be deduced that RNA polymerase paused near cytosine residue (3046) on pBR322 form V template. Sequence search showed the presence of an inverted repeat with the potential to form an extended stem length of 16 bp ( Fig.  5) following this pause site. This inverted repeat sequence extrudes into a cruciform structure in pBR322 form I DNA at higher superhelical densities (a > -0.073) as shown by the sensitivity of its loop region (3065) to SI nuclease (8) . The pause site (3046) is at the junction region ofthis cruciform. The cytosine residue at 3045, before the pause site, is unique in pBR322 where Sau3AI (3042) site overlaps the mMsp I site (3045). Methylation of the cytosine residue (3045) by mMspI would render this site resistant to cleavage by Sau3AI. Methylation of MspI sites of pBR322 form I, form V and form mI DNA were carried out using mMspI and S-adenosylmethionine. Methylated molecules were digested with Sau3AI and fragments were labelled using a-32p-dATP. In case of form V, appearance of only 1376 bp fragment (Fig. 6A & B) implied the complete absence of methylation at this site due to structural alteration. In contrast, appearance of 1449 bp fragment in addition to 1376 bp fragment from form I DNA indicated partial methylation at this site. Similarly in case of form Ill DNA methylation at this site was also not complete (data not shown Absence of initiation at tetR gene promoter In vitro transcription assay of pBR322 form I DNA yielded a 180 nucleotide transcript which corresponds to tetR gene (Fig.  3) (16) . However in case of form V template, the tetR gene as well as higher transcripts corresponding to aMpR gene were not obtained. In addition, absence of these higher transcripts even after the removal of torsional stress from form V DNA implied the lack of initiation from these promoters.
DISCUSSION
Using pBR322 form V DNA as a template for in vitro transcription, we have shown here that supercoil stabilized unusual DNA structures could prevent both transcriptional initiation and elongation. Since E. coli RNA polymerase is able to recognise accurately the promoter region and can transcribe rep gene in form V DNA it implies that the zero link in the template per se has not affected the transcriptional process. Occurrence of an altered conformation within the rep gene effectively blocked transcriptional elongation resulting in the formation of an attenuated transcript which could be elongated following removal of torsional stress. Thus, structural alteration within the template, as a consequence of high negative supercoiling, is responsible for pausing of RNA polymerase. The exact site of RNA polymerase pausing on form V template was confirmed by ruling out non-specific initiation using abortive initiation assay for rep gene.
DNA structure sensitivity of MspI methylase was used as a probe to confirm the presence of unmethylatable non-B conformation. Complete absence of methylation of MspI site (3045) in form V DNA in the junction region of potential cruciform structure suggests that a stable cruciform structure in the form V DNA template could be responsible for RNA polymerase pausing. However, partial methylation observed for the same site in form I DNA could be due to flanking sequence effect. Although partial stabilization of a cruciform structure at physiological superhelical density (a -0.05) could not be ruled out. Since this region has been shown to extrude into a cruciform structure in pBR322 form I DNA at high superhelical density (a = -0.073) as shown by the sensitivity of its loop region to SI nuclease. Presence of an inverted repeat, inability of MspI methylase to methylate the junction region and the occurrence of a SI nuclease hypersensitive site suggests a stabilized cruciform structure as transcriptional block within the rep gene in form V template for E. coli RNA polymerase. Elimination 
+ .-4*.
CGG TAG- (34) (35) (36) (37) . In case of hsp70, a putative heat shock factor has been implicated in premature termination of transcription in uninduced cells (36) . Deletion analysis has shown that in case of c-myc a 95 bp region containing a potential cruciform may be responsible for attenuation (37) . But (19, 20, 21 Our in vitro transcriptional studies using form V DNA as template show that a) conformational changes within or around the regulatory region, induced by the changes in the level of supercoiling serve as an efficient mode of transcriptional regulation at the level of initiation and b) stabilization of unusual secondary structures like cruciform could lend an additional means of trancriptional regulation at the level of elongation. These unusual structures could be stabilized not only through the introduction of torsional stress but also through interaction with trans-acting factors. Also, such unusual structures may be the causative factor for transcriptional blocks observed in several eukaryotic systems. Further the structure induced transcriptional elongation block would not lead to transcriptional termination. This could be used to advantage by the cell to have pre-initiated RNA along with RNA polymerase which can be elongated with the arrival of the necessary signal. This could lead to a rapid response to an external stimulus.
